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ABSTRACT 

Numerical studies of ion-dipole co l l i s ions  are extended t o  calculat ing 

the  e f f e c t s  of v ib ra t iona l  degrees of freedom on capture cross sec t ions  and 

formation of ion-molecule complexes. Two d i f f e ren t  dipole moment varia- 

t i o n s  about t h e  equilibrium internuclear  separation of t he  o s c i l l a t o r  are 

studied. The capture cross  sec t ion  i s  sens i t i ve  t o  t h e  o s c i l l a t o r  model. 

Computer-made motion p i c tu re s  reveal a change i n  mode of t h e  o s c i l l a t i o n  

due t o  t h e  ion-dipole in t e rac t ion .  The o s c i l l a t o r  becomes constrained s o  

it cannot r e l ax  t o  i t s  equilibrium separation. This s h i r t  i n  o s c i l l a t o r  

p o t e n t i a l  barrier i s  denoted as "c l a s s i ca l  tunneling'' of t h e  o s c i l l a t o r .  
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INTRODUCTION 

Capture cross sect ions and co l l i s ion  complex l i fe t imes have been cal-  

culated numerically f o r  ion-polar molecule co l l i s ions .  1-5 

t r a n s f e r  i n  these  co l l i s ions  has been s tudied using computer-plotter tech- 

n i  ques a 4-5 (The polar  t a r g e t  molecule i s  represented by a r o t a t i n g  dipole 

imbedded i n  a polar izable  sphere. The ion i s  made t o  r e f l e c t  a t  an i n t e r -  

molecular distance r t o  simulate the  hard repuls ive cores of the ion 

and molecule. ) Capture cross sect ions have been calculated t o  set an up- 

per  l i m i t  t o  ion-molecule react ion cross sect ions and t o  compare the  pre- 

dicted ion energy dependence w i t h  mass spectrometric r e su l t s .  6-8 The 

permanent dipole introduces multiple r e f l ec t ion  behavior3 corresponding t o  

the  formation of long-lived ion-molecule co l l i s ion  complexes. These com- 

plexes may be of importance as c lus te r ing  si tes i n  gas discharges or ir- 

radiated gases. (Such "captures" have calculated co l l i s ion  l i fe t imes as 

la rge  as severa l  hundred t i m e s  a s ing le  r e f l ec t ion  per iod.)  Motion pic- 

t u re s  have a l s o  been made with t h e  computer t o  study hindered ro t a t ion  o f  

t he  dipole by the incident i o n , 5  Hindering may favor a spec i f ic  chemical 

react ion.  

The energy 

C 

L i f e t i m e s  f o r  mult iple-ref lect ion co l l i s ions  have previously been 

calculaked including ro t a t iona l  and t r a n s l a t i o n a l  degrees of freedom f o r  

t h e  ion-molecule c o l l i s i o n  p a i r .  

of v ibra t iona l  e f f ec t s  on the  capture cross sec t ion ,  t h e  probabi l i ty  of 

multiple re f lec t ions  and co l l i s ion  l i fe t imes.  The v ibra t iona l  e f f ec t s  

are included by approximating the  polar  t a rge t  as a ( ro t a t ing )  harmonic 

o s c i l l a t o r  whose dipole moment i s  a function of internuclear  separation 

along the molecular ax is ,  The o s c i l l a t o r  motion i s  followed i n  a 

This paper repor t s  on numerical s tud ies  



3 

coordinate system whose o r ig in  i s  f ixed at t h e  center-of-mass (CM) of t h e  

t a r g e t  molecule. The CM of t h e  o s c i l l a t o r  i s  at t h e  center-of-mass of t he  

dipole and the  o s c i l l a t o r  separation i s  much l e s s  than the  ion-molecule 

separat ion.  

COLLISION MODEL AND INITIAL CONDITIONS 

(This i s  consistent w i t h  t h e  i d e a l  dipole approximation. ) 

A t  high frequencies ( i . e . ,  on t h e  order of molecular vibrat ions and 

fast r o t a t i o n s )  t h e  dipole  moment of a polar  molecule i s  not constant but 

a, function of i t s  in te rnuc lear  separat ion.  

i s  usually t h a t  along a pa r t i cu la r  interatomic bond i n  t h e  m ~ l e c u l e . ~  

var ia t ion  i n  dipole moment p i s  assumed gaussian f o r  these s tud ies  ( i . e . ,  

P = V0@ -a 

constant,  and x i s  t h e  reduced bond dis tance ( r  - r where r i s  t h e  

instantaneous separat ion and r i s  the  equilibrium bond separa t ion) .  

Such a var ia t ion  i s  a reasonably representat ive approximation f o r  diatomic 

and polyatomic molecules of i n t e r e s t . 9  To tes t  t h e  s e n s i t i v i t y  of t h e  re- 

s u l t s  t o  t h e  shape o f  t h e  p ( ~ )  va r i a t ion ,  t he  damping coef f ic ien t  a was 

se lec ted  s o  tha t  p = 2 p  / 3  at x = k0.05 A f o r  o s c i l l a t o r  s e t  ( A ) .  The 

maximum 

i n  a l l  cases. For o s c i l l a t o r  s e t  (B) p = 0.02 * po at x = k0.05 A. The 

l a t t e r  approximation i s  probably more r e a l i s t i c  f o r  po lar  t a r g e t s .  The 

shapes of t he  two gaussian var ia t ions  are shown i n  f igure 1. The per iod 

o f  change i n  p i s  'c0 ' 4$7, where k and m are t h e  o s c i l l a t o r  

force constant and reduced mass. The values of k and m f o r  t h e  os- 

c i l l a t o r  set t h e  maximum values of f and x at i n f i n i t e  separat ion f o r  

f ixed  E . The m value i s  not t h e  same as t h e  mass of t he  t a r g e t  mole- 

cule. I ts  value was chosen s o  as t o  reduce computer time. The energy 

The separation of i n t e r e s t  

The 

2 2  
) , where i s  the  " s t a t i c "  dipole moment, a i s  the  damping 

e 

e 

0 

0 
0 

x value for  t h e  f r e e  o s c i l l a t o r  assigned was 0.05 A (0.005 nm) 
0 

0 0 0 

0 0 

0 0 
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values E- chosen were 0.36 e V  and 0.036 e V  corresponding t o  st iff  and 
U 

soft (near ly  thermal) o sc i l l a t ions .  However, only 50 

fo r  t h e  former because computer time was prohib i t ive .  

4 . 8 d O  dynes ern (0.48 Newtons/cm) w a s  assigned f o r  

with an m value equal t o  t e n  times t h e  mass of  t h e  

4 -1 

0 

cases were studied 

A ko value of 

these  calculat ions 

hydrogen at om. 

This ko value i s  one-tenth t h e  ground s t a t e  value f o r  HC1.  In tegra t ion  

fo r  t r a j e c t o r i e s  of a l l  o s c i l l a t o r s  causes extended computer running 

t i m e s  (min imum of 5 min. f o r  v = 5x10 ern see ). This i s  because t h e  4 -1 

o s c i l l a t i o n  per iod i s  only of t h e  cha rac t e r i s t i c  r o t a t i o n a l  per iod 

T where T~ = 2 d z i ;  ER i s  t h e  ro t a t iona l  energy and I i s  t h e  

moment of i n e r t i a .  The o s c i l l a t o r  motion somewhat separates  out from the  

R 

r o t a t i o n a l  and t r a n s l a t i o n a l  motion; however, it w i l l  be shown t h a t  t h e  

nature of t h e  var ia t ion  i s  important i n  determining t h e  ion turn ing  

points .  Individual  co l l i s ions  with s t i f f  t a r g e t s  require  as much a5 10 

minutes t o  one-half hour computer t i m e  which i s  c l ea r ly  prohib i t ive  i f  

hundreds of cases must be s tudied.  

Most of t h e  co l l i s ions  s tudied involved the  soft o s c i l l a t o r s  w i t h  

E = 0.036 eV. The t o t a l  energy of t h e  f r e e  o s c i l l a t o r  i s  
0 

1 1 2  = - m  k2 + -k x Eo 2 0 2 0  

where all quan t i t i e s  have been previously defined. The maximum displace- 

ment of t he  f r ee  o s c i l l a t o r  at la rge  distances from t h e  ion i s  given by 

, i . e . ,  t h e  separat ion where t h e  o s c i l l a t o r  energy i s  fxm)o 
purely p o t e n t i a l  with no in te rac t ion .  The i n i t i a l  separations x were 

- - 

chosen randomly i n  t h e  i n t e r v a l  1x1 < ( x ~ ) ~ .  

have been s tudied  for impact parameters B from 3 t o  1 2  A. These b 

Approximately 400 co l l i s ions  
0 
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values correspond roughly t o  c r i t i c a l  impact parameters f o r  capture with 

CO and CH CN t a r g e t s .  The o s c i l l a t o r  energy i s  constrained t o  remain 

pos i t i ve  throughout i n t e rac t ion  but i s  allowed t o  decrease i n  value. 
3 

Such behavior i s ,  of course,  not possible  for a quantum o s c i l l a t o r  i n  

1 the  ground s t a t e  which must have energy -hhvo. 2 

"cooling" of such o s c i l l a t o r s  appl ies  only t o  molecules which a re  i n i -  

Thus the  observed 

t i a l l y  i n  exc i ted  v ib ra t iona l  states. It should a l s o  be noted t h a t  t h e  

c l a s s i c a l  o s c i l l p t o r  approximation i s  l e a s t  adequate i n  describing va r i -  

a t ions i n  energy of s t i f f  o s c i l l a t o r s  s ince  quantum gaps a re  r e l a t i v e l y  

large.  The d i f f e r e n t i a l  equation of motion f o r  t h e  o s c i l l a t o r  i s  

( 2 )  
2 2 K = - 2a (pe cos y /R + ko)x/mo 

The f irst  term is an i n t e rac t ion  t e r m  whereas the second term i s  a con- 

vent ional  r e s to r ing  force term f o r  t h e  o s c i l l a t o r .  The r e l a t i v e  magni- 

tude of these  terms i s  important i n  determining dipole  behavior. 

RESULTS 

The probabi l i ty  of mult iple  r e f l e c t i o n  fR  f o r  o s c i l l a t i n g  polar  

f R  t a r g e t s  i s  composed with r e s u l t s  for purely r o t a t i n g  polar  t a r g e t s  

i n  t a b l e  I. value which makes 

. Results a r e  presented f o r  both CO and CH CN. p = 2p0/3 at x = k.05 A 

Results f o r  set (B) are  f o r  an a2 value (1.6~10 A ) which makes 

p 0 . 0 2 ~ ~  at x = k.05 A and include only CH CN r e s u l t s .  The e f f ec t  

of o sc i l l a t ions  c l ea r ly  depends on impact parameter, however, it i s  dif- 

The r e s u l t s  of s e t  A are fo r  an a2 
0 

3 
3 O - 2  

0 

3 

f i c u l t  t o  detect  general t rends i n  t h e  r e s u l t s .  The f R  value i s  uni- 

formly higher than fR  f o r  s e t  (B) at severa l  b values but drops t o  

zero at b = 11 A. The var ia t ion  p (x )  f o r  the  o s c i l l a t o r  i s  important; 
0 
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t h i s  can be seen from the  difference between i d e n t i c a l  random number sets 

2 f o r  d i f f e ren t  a values at roughly the  same b values.  

Further,  t he re  i s  a dramatic e f f e c t  on t h e  capture cross sec t ion  

CR vs .  b2 fo r  CH CN i n  Fig. 2. There 3 as demonstrated by t h e  p lo t s  of 

are  fewer points  fo r  t h e  v ibra t ing  t a r g e t s  ( a  f o r  1.1 0.021.1, a t  

x = k0.05 A and only 25 cases pe r  point (compared t o  50 cases)  because of 

2 

0 

t he  prohib i t ive  computer running t i m e s .  The r e s u l t s  agree at low impact 

p a r m e t e r s  However, t he re  a r e  marked differences between 

r e s u l t s  f o r  b = 10  A as wel l  as f o r  b = 11 A. The differences between 

0 
b = 6 and 8 A. 

0 0 

CR values are well outside t h e  rough 10% variance i n  cross sec t ion  be- 

tween 25 and 50 case sets of t r a j e c t o r i e s .  The o s c i l l a t o r  s tud ies  were 

not done f o r  b > 11 A s ince t h e  CR value approaches zero. The low- 
0 

ered CR values a re  f o r  "heated" o s c i l l a t o r  co l l i s ions  so t h e  r e s u l t  i s  

meaningful f o r  r e a l  molecules i n  t h e  limits of t h e  c l a s s i c a l  i n t e rac t ion  

approximation. The e f f e c t  of t h e  o s c i l l a t o r  on capture cross sec t ion  w i l l  

bemuch l e s s  f o r  CO than f o r  CH CN s ince  the  p o l a r i z a b i l i t y  term determines 

the capture cross sec t ion  for CO. 

3 
4-5 

The co l l i s ion  l i f e t imes  a re  r e l a t i v e l y  in sens i t i ve  t o  v ibra t ions  f o r  

a given species  and t h e  average T f o r  mult iple  r e f l ec t ion  c o l l i s i o n s  i s  

" 2  t o  3 ~ l - O ~ ~ ~  see  fo r  CH CN t a r g e t s .  

t o r i e s  were cut off  at a maximum of 1 0  r e f l ec t ions  so t h a t  no meaningful 

R 
It should be noted t h a t  t h e  t r a j e c -  3 

maximum re f l ec t ion  time could be calculated.  Results of previous s tud ies  

ind ica te  t h a t  t h e  average number of (mult iple)  r e f l ec t ions  i s  1 5  t o  25 f o r  

cer ta in  b values.  5 

Certain fea tures  of t he  energy exchange between the  t r a n s l a t i o n a l ,  

r o t a t i o n a l ,  and v ib ra t iona l  degrees of freedom are shown i n  t h e  p lo t s  of 
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Fig. 3. The modulation of the  in t e rac t ion  due t o  t h e  var ia t ion  of LI 

with x i s  almost undetectable because t h e  v ib ra t iona l  time sca l e  i s  so  

s m a l l .  

The modulation of t he  o s c i l l a t o r  separat ion x v i a  the  ion-dipole 

R -. 5 A as shown i n  f i g .  4 ( a )  f o r  
0 

i n t e rac t ion  i s  evident i n  t h e  region 

a CH CN t a r g e t .  

shown i n  f i g .  4 (b ) .  

The corresponding var ia t ion  i n  o s c i l l a t o r  energy i s  3 

MUtiple  r e f l e c t i o n  behavior i s  shown i n  f i g .  5 ( a )  and f o r  a repre- 

sen ta t ion  co l l i s ion .  The hindered ro t a t ion  accompanying mult iple  r e f l ec -  

t i o n  i s  shown i n  f i g .  5 ( b ) .  The symmetrical nature  of t h e  net  s p i r a l i n g  

(due t o  mult iple  r e f l e c t i o n s )  i s  somewhat d i s t o r t e d  by t h e  o s c i l l a t o r .  

However, t he  general  fea tures  of t h i s  phenomenon a r e  unchanged by t h e  

o s c i l l a t o r  as i s  hindering of t h e  dipole .  The hindering of t he  CH CN tar- 

get occurs at l a r g e  ion-molecule separat ions (37 -8  A )  as can be seen from 

t h e  decreasing envelope of t h e  Y p l o t  i n  f i g .  5 (b ) .  The c h a r a c t e r i s t i c  ion 

turning points  of t he  ion-molecule complex a re  l a rge ,  10 t o  20 A f o r  

3 
0 

0 

CH3CN. 

COMPUTER MOTION PICTURES - "CLASSICAL TUNNELING" 

Vibrat ional  motion has been added t o  t he  ion-dipole movies which 

were described i n  r e f s .  5 and 10 .  The modulation of the  o s c i l l a t o r  which 

i s  suggested i n  t h e  time h i s to ry  p l o t s  i s  confirmed i n  t h e  movies. This 

modulation i s  of course dependent on t h e  value of cos y ,  i . e . ,  t he  ion- 

dipole o r i en ta t ion  angle which depends on t h e i r  r e l a t i v e  motion. 

In viewing t h e  movies it was  noted t h a t  t he re  i s  a change i n  the  mode 

of the  o s c i l l a t i o n  i n  severa l  instances .  This change i n  mode occurs when 

t h e  o s c i l l a t o r  accelerat ion goes through zero; t h a t  i s ,  when t h e  r e s to r ing  



force i s  balanced by the in t e rac t ion  term. This constraint  of t h e  o s c i l l a -  

t o r  s o  t h a t  it cannot r e l ax  t o  i t s  equilibrium i s  somewhat analogous t o  

quantum mechanical tunneling through a p o t e n t i a l  b a r r i e r  so  we have chosen 

t o  c a l l  it "c l a s s i ca l  tunneling". 

coordinate x and veloci ty  2 i n  f igure 6 show t h a t  K stays near zero 

for a s ign i f i can t  f r ac t ion  of an o s c i l l a t i o n  per iod (where 

constant) .  

CONCLUDING FEMARKS 

The time h i s to ry  p l o t s  of o s c i l l a t o r  

H i s  near ly  

Preliminary s tudies  of v ib ra t iona l  effects on multiple r e f l e c t i o n s ,  

co l l i s ion  l i f e t imes ,  and capture cross  seet ions i n  ion-dipole co l l i s ions  

have been completed. For thermal o s c i l l a t o r s  (Eo = 0.036 e V )  the  e f f e c t  

of t he  v ib ra to r  depends on impact parameter as wel l  as t a r g e t  species .  

The f r ac t ion  of mult iple-ref lect ion cases i s  a complicated f'unction of 

t he  o s c i l l a t o r  model, pa r t i cu la r ly  the  shape of t h e  dipole moment var ia-  

t i o n  ~ ( x ) .  

r a t  i o 

sens i t i ve  t o  t h e  damping constant a. The inclusion of addi t iona l  degrees 

of freedom, p a r t i c u l a r l y  i f  coupled, might markedly increase t h e  co l l i s ion  

complex l i f e t imes .  

parameters before  more general  conclusions can be drawn about t h e  r o l e  of 

t he  o s c i l l a t o r .  

dipole in t e rac t ion  suggests a mechanism f o r  rearrangement and/or dissocia-  

t i o n  which operates without t h e  force constant changing. Quant i ta t ive  

conclusions regarding t h i s  and r e l a t e d  phenomena require  fu r the r  study. 

The o s c i l l a t o r  can have a dramatic e f f e c t  on t h e  capture 

CR; t h i s  lowering of t he  capture cross  sect ion i s  p a r t i c u l a r l y  

Vibrator s tud ies  m u s t  be extended t o  a var ia t ion  i n  

"Classical  tunnel l ing" of t h e  o s c i l l a t o r  v i a  t h e  ion- 
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TABLE I - MULTIPLE REFLECTION RESULTS FOR HARMONIC OSCILLATOR STUDY 

4 FOR I O N  VELOCITY OF 5x10 CM SEC-l, 25 COLLISIONS 

STUDIED PER IMPACT PARAMETER 

Polar 
molecule 

s e t  ( A )  

co 

co 

co 
CH3CN 

CH3CN 

CH CN 3 
CH CN 3 
CH3CN 

set (B) 

CH3CN 

CH 3CN 

CH3CN 

CH3CN 

! 
d Impact : Fraction of 

parameter, 1 col l i s ions  with 
mult. ref. 

. (without o s c i l l a t o r )  

0 
A 

(10-10 nm) f R  

3.0 

4. 

5. 

5. 

6. 

7. 

9.  

11. 

6.0 

8. 

10. 

11. 

1 

I 
! 0.24 
f 

.20 

.24 

.24 

.16 

.36 

.28 

.20 

I 

! 

0.16 

.24 

.24 

.20 

- - . - ___ 
Fraction of 

c o l l i  sions with 
mult. r e f .  

(with os c i l l a t  o r  ) 
fi; 

0.16 

.16 

.16 

.20 

.08 

.48 

.36 

.20 

0.60 

.12 

e 32 

.o 
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(6) a2 = 1.6~103 i-2. 

Figure 1. - Dipole moment variation for polar target oscillators studied (sets A and B), lxmlo = 0.05 A; 
-a2x2 P” I@ . 
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Figure 4. - Variations in oscil lator separation and oscil lator energy before 
reflection in a CH3CN-parent ion capturecoll ision wi th an oscil lating 
target from set (6). 
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Figure 3. -Var iat ion of ion velocity and polar molecule rotational energy 
dur ing  methyl cyanide-parent ion multiple reflection capture collision. 
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Figure 5. - Evidence for multiple reflection and hindered rotation behavior 
in CH3CN iond ipo le  coll isions wi th oscil lating target. 
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Figure 6. - Variations of oscillator coordinates and velocity for ion-dipole coll ision demon- 
strating "classical tunneling". 
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